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Large phase differences between transverse electric TE and transverse magnetic TM waves were
investigated in plasmonic nanoslit arrays. The phase of the TE wave shifts ahead because of its low
propagation constant. On the other hand, the phase of the TM wave is retarded due to the
propagation of surface plasmons. The opposite phase shift forms a giant birefringence. Its
magnitude was dependent on the width of nanoslits. The birefringence magnitude was 1 for
300-nm-wide nanoslits and up to 2.7 for 100 nm ones. The spectroscopic measurements indicate
that waveplates made of gold nanoslits have large bandwidths. © 2009 American Institute of
Physics. DOI: 10.1063/1.3167772
Birefringence plays an important role in the light modu-
lators, waveplates, polarizing prisms, color filters, etc. Most
of birefringence components are made of materials having
two different refractive indices, such as uniaxial crystals. In
addition to crystalline materials, birefringence can also result
from the arrangement of the material, such as subwavelength
grating structures.1 This kind of birefringence induced by the
macroscopic anisotropy is the “form birefringence.” Differ-
ent optical distributions for transverse electric TE and
transverse magnetic TM waves result in the refractive in-
dex difference n between fast and slow axes. Large n is
expected for high permittivity materials.2 For example, mul-
tislotted silicon waveguides can achieve n1.5 at wave-
lengths in the infrared range.3 However, the permittivities of
transparent materials are usually small in the visible range,
which results in a small form birefringence n0.1–0.2.4
To obtain a large phase difference, the structures need to
have high aspect ratios, for example, the porous anodic alu-
minum oxide.5 In this paper, we study the form birefringence
consisted of plasmonic nanoslit arrays. A giant birefringence
was measured in the visible range. For 100-nm-wide gold
slits, the n can achieve a magnitude up to 2.7. The theoret-
ical calculations indicate that such birefringence comes from
the opposite phase shifts for both TE and TM waves.
The metallic nanoslits were fabricated on a glass slide by
using the electron beam lithography and lift-off method. The
metals were deposited on the lithographic patterns by using
electron gun evaporation. A 2-nm-thick titanium film was
deposited as the adhesion layer. 150-nm-thick gold and
nickel films were coated for comparing the plasmonic effect.
The phase shifts for both TE and TM waves were measured
by using the Mach–Zehnder interferometry. In the setup, a
randomly polarized He–Ne laser 632.8 nm passed through
a linear polarizer which was mounted on a rotation stage.
The beam was split into two paths. The sample was in path 1
and a blank glass was in path 2 as the reference. Both beams
were collected by a 40 objective lens and formed interfer-
ence fringes on the digital camera. The polarization angle 
was varied from 0° TE, parallel to the nanoslits to 90° TM,
perpendicular to the nanoslits with a 10° interval. Figure
1a shows the measured fringes for a 500 nm period gold
nanoslit array with 100-nm-wide nanoslits. Significant phase
shifts were measured when varying the polarization angles.
The phase difference between TE and TM polarizations was
calculated from the position shifts relative to the initial fringe
=0°. Figure 1b shows the phase differences. The 100-
nm-wide nanoslits had 1.3 phase shift between TE and
TM waves, and 0.5 phase shift for the 300-nm-wide
nanoslits. The corresponding magnitude of birefringence is
calculated by n=  /2 / t, where  is the measured
phase shift, and t is the film thickness. For t=150 nm and
=632.8 nm, the n was 2.742 for the 100-nm-wide gold
slits and 1.054 for the 300 nm ones. If the metal is replaced
by Ni, the measurement shows that the phase remained al-
most the same for different polarizations. The Ni nanoslits do
not exhibit significant birefringence. Compared with Ni, gold
is a good material for guiding surface plasmon wave SPW.6
It indicates that the giant birefringence is related to the exci-
tation of SPW.
Figure 2a illustrates the form birefringence in gold
nanoslit arrays. For TE wave, the electric field at the metallic
aElectronic mail: pkwei@gate.sinica.edu.tw. Tel.: 886-2-27898000. FAX:
886-2-27826680.
FIG. 1. Color a The measured fringes for a 500 nm period gold nanoslits
array with 150 nm height and 100 nm slit width. b The measured phase
shifts for Au and Ni nanoslit arrays. Those nanoslit arrays had 500 nm in
period and 150 nm in height. The incident wavelength was 632.8 nm.
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boundary should be close to zero. The propagation constant
of the lowest TE mode in the slit is described by kTE
=k02−  /weff2, where weff is the effective slit width7 and k0
is the vacuum vector. For the gold film, the weff is corrected
by increasing the width of the slits w by two times the skin
depth of the gold 20 nm. For the TM polarization, SPW
can propagate along the metal/air interface.8 Its propagation
constant is given by9
tanhkTM2 − k02w/2 =
−
kTM2 − mk02
mkTM2 − k02
, 1
where kTM is the propagation constant of the TM mode and
m is the permittivity of metal. m−10 for gold at 600 nm
wavelength. Figure 2b shows the calculated propagation
constants for the lowest TM and TE modes. It can be seen
that kTM is larger than k0. Its value increases with the de-
crease in slit width. On the contrary, kTE is smaller than k0.
Its magnitude decreases with the decrease in slit width. TE
and TM modes in the nanoslit make opposite phase changes.
Therefore, a large birefringence n is formed in the plas-
monic nanoslits and its magnitude increases with the de-
crease in slit width.
It is noted that above equations are based on the case of
infinite metallic thickness. To simulate the case of gold thin
film, we used a commercial finite-difference time-domain
FDTD software Rsoft, FULLWAVE 4.0 to calculate the
phase shifts for both TE and TM waves. Figure 2c shows
the calculated phase changes for 150-nm-thick, 500 nm pe-
riod gold nanoslit arrays coated on a glass slide. The incident
light was a planar wave with 630 nm wavelength. The
nanoslit width was ranged from 100 to 500 nm. The phase
was calculated by comparing the optical field above the
nanoslit arrays with the field without the nanoslits. Using a
correlation function, the phase shifts due to the nanoslit ar-
rays were calculated. The FDTD results show that the phase
shifts for TM polarization are negative. On the contrary, the
phase shifts for TE polarization are positive. The phase dif-
ference between TE and TM waves increases substantially
with the decrease in slit width. It is 84° for 300-nm-wide
nanoslits and up to 204° for 100-nm-wide ones, consistent
with the experimental results. Figure 2d shows transmis-
sion efficiency for both TE and TM waves in different
nanoslits. Decreasing the slit width means increasing the
coverage area of gold film. The transmittance is greatly re-
duced. It is noticed that TM wave has a larger transmittance
for narrow nanoslits. It is due to the propagation of SPW,
which can propagate in nanometer metallic gaps without cut-
off.
The giant birefringence can also be identified by the
large difference of optical near-field distributions for both TE
and TM waves. Figure 3a shows the FDTD calculation
results for the TE and TM waves in the 300-nm-wide
nanoslits. For the TE wave, the electric field at the metallic
boundary is close to zero. It results in an optical profile con-
fined in the air gap. For the TM wave, SPW propagates along
the metal/air interface. The peak intensity is at the boundary.
To prove such near-field distributions, we applied a collec-
tion mode near-field scanning optical microscope10 to take
the optical images. Figures 3b and 3c show the measured
near-field distributions and the corresponding cross-section
FIG. 2. a The schematic representation of the nanoslits sample and the
propagation properties of TE and TM waves. b The calculated propagation
constants for lowest TE and TM modes at different slit width. The propa-
gation constant was normalized to vacuum vector and the width was nor-
malized to wavelength. c The FDTD results of phase shifts and phase
difference between TE and TM waves for various gold nanoslit arrays. The
incident light was a planar wave with 630 nm wavelength. d The calcu-
lated transmission coefficients for TE and TM waves in different wide
nanoslits.
FIG. 3. a The FDTD calculation results of X-Z plane optical near-field distributions for both TE and TM waves. bThe X-Y plane optical near-field images
taken by a collection mode near-field scanning optical microscope. Top: topographic image, middle: TE near-field image, bottom: TM near-field image. c The
corresponding cross-section plots of Fig. 3b. The gold nanoslit array was 500 nm in period and 150 nm in thickness. The slit width was 300 nm.
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plots for the 300-nm-wide, 500-nm-period gold nanoslit ar-
ray. The TM wave has its peak intensity at the slit edges,
while the peak intensity of TE mode is in the middle of
nanoslits. These profiles matched well with the FDTD
results.
The giant birefringence is useful for making ultrathin
waveplates. Figure 4a shows the setup for measuring polar-
ization properties of the waveplates made from 150-nm-thick
gold nanoslit arrays. The light source was a 12 W tungsten
bulb. The sample was mounted on a stage to rotate its angle
. Figure 4b shows the spectroscopic results for the 300-
nm-wide nanoslits. The PL1 and PL2 polarizers were in
crossed polarization. The transmission intensity varied with
 due to the birefringence in the gold nanoslits. The maxi-
mum transmittance occurred at 45° The ratio of maxi-
mum to minimum transmittance was larger than 20 for wave-
lengths ranged from 530 to 700 nm. It indicates that the gold
nanoslits can provide large bandwidth modulation. The out-
put polarization state from the sample was further examined
by changing the angle  of the output polarizer PL2.
Figure 4c shows the polar plot of transmission intensity as
a function of  for different sample angles. It can be seen
that the 300-nm-wide gold nanoslits acted like a  /4 wave-
plate. It changed the polarization state from a linear polar-
ization 0° to a circular polarization 45°. It is
noted that the birefringence is decided by the slit width and
not by the width of gold strip. For example, Fig. 4d shows
the polar plot of 400-nm-wide gold nanoslits. The sample
had the same gold strip width 100 nm. However, due to the
larger slit width, the phase changes in the 400-nm-wide slits
are much smaller than the 300-nm-wide slits.
In conclusion, the large propagation difference of TE
and TM waves in plasmonic nanoslit arrays forms giant bi-
refringence. The TE wave is confined in the slits. Its propa-
gation constant decreases with the decrease in slit width. On
the contrary, the TM mode propagates along the slit walls
and has a propagation vector increased with the decrease in
slit width. We theoretically and experimentally verified that a
giant birefringence larger than 2 was formed in a 100-nm-
wide gold nanoslits. Wavelplates made from the plasmonic
nanoslit arrays only need hundreds of nanometer thickness
and have large bandwidths. Due to the simplicity of the
structure, the nanoslit-based waveplates can be massively
produced by using the nanoimprinting lithography.
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FIG. 4. Color a The optical setup for measuring the polarization proper-
ties of the gold nanoslit-based waveplates. b The spectroscopic results for
the 300-nm-wide nanoslits. PL1 and PL2 were in crossed polarization. c
The polar plot of transmission intensity as a function of  for different
sample angles. The sample was a 400 nm period nanoslit array with 300-
nm-wide slits. d The polar plot for a 500 nm period nanoslit array with
400-nm-wide slits. Note that c and d had the same gold strip width but
different slit width.
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